Although centromere function is highly conserved in eukaryotes, centromere sequences are highly variable. Only a few centromeres have been sequenced in higher eukaryotes because of their repetitive nature, thus hindering study of their structure and evolution. Conserved single-copy sequences in pericentromeres (CSCPs) of sorghum and maize were found to be diagnostic characteristics of adjacent centromeres. By analyzing comparative map data and CSCP sequences of sorghum, maize, and rice, the major evolutionary events related to centromere dynamics were discovered for the maize lineage after its divergence from a common ancestor with sorghum. (i) Remnants of ancient CSCP regions were found for the 10 lost ancestral centromeres, indicating that two ancient homeologous chromosome pairs did not contribute any centromeres to the current maize genome, whereas two other pairs contributed both of their centromeres. (ii) Five cases of long-distance, intrachromosome movement of CSCPs were detected in the retained centromeres, with inversion the major process involved. (iii) The 12 major chromosomal rearrangements that led to maize chromosome number reduction from 20 to 10 were uncovered. (iv) In addition to whole chromosome insertion near (but not always into) other centromeres, translocation and fusion were found to be important mechanisms underlying grass chromosome number reduction. (v) Comparison of chromosome structures confirms the polyploid event that led to the tetraploid ancestor of modern maize.
centromere inactivation | chromosome number changes | grass genome evolution | paleopolyploidy E volutionary changes in plant genome structure occur at numerous levels, from nucleotide substitution to chromosomal rearrangement and polyploidy. Plant centromeres are large structural components that play an essential role in chromosome segregation. The gain, loss, and movement of centromeres are expected to have huge impacts on genome evolution and the independent segregation of genes in the genome. Previous studies have shown that centromeric regions, and their surrounding repeat-rich pericentromeres, are particularly dynamic portions of plant genomes. These centromeric/pericentromeric regions can experience whole-chromosome insertions that cause chromosome fusion (1, 2) and also contain fast-evolving genomic domains that exhibit high rates of unequal recombination (3) (4) (5) . In flowering plants, different centromeres from an individual genome generally contain the same types of simple tandem repeat arrays (centromeric satellites) and centromeric retrotransposons (CRs) (6, 7) . Although the sequences of centromeric satellites vary considerably between species, some CR families are quite conserved across the grass family. However, the locations and copy numbers of the repeats are hypervariable even between haplotypes of the same centromere (4), so it is challenging to investigate centromere evolution by direct comparison of sequences (5) .
The nuclear genome of maize has the most complex structure of any yet studied in depth (8) . Sharing a common ancestor with sorghum approximately 12 Mya (9), the progenitor of the modern maize genome is believed to have originated from a tetraploid ancestor (10, 11) . The interactions of primary mechanisms of genome instability, namely DNA breakage, recombination, and transposition, have driven the rapid and dramatic changes in genome composition and structure in the diploidizing Zea lineage (8, 12) . Recently, several studies have attempted to reconstruct the karyotypic history of the Zea lineage by comparing current genetic and/or physical maps (11, 13, 14) . Wei et al. (11) and Salse et al. (14) identified the relationships between genomic blocks in maize and those of other grasses. These studies agreed that maize underwent a whole genome duplication resulting from hybridization of two ancestral genomes, each with 10 chromosomes per haploid gamete. However, detailed analysis of the sites and natures of chromosome rearrangements involved in this 20-to-10 process have not been determined. The sequenced Zea mays (15) and Sorghum bicolor (16) genomes now make it possible to uncover the precise chromosomal rearrangements that have led to the current maize genome structure.
In this study, correspondences are built between centromeres of sorghum and maize through conserved single-copy sequences in pericentromeres (CSCPs). These markers, in conjunction with evidence from comparative maps and centromeric repetitive DNA, were also used to identify inactive ancient centromeres in the maize genome, and all of the major rearrangements leading to the current maize chromosome complement were discovered.
Results and Discussion
Comparative Mapping and Its Limitations. Sorghum-maize, ricesorghum, and rice-maize comparative maps were constructed by using genomic sequences to investigate the general history of genomic rearrangement in these lineages (SI Appendix, Figs. S1 and S2). From a stable rice genome perspective, the maps indicated that the most pronounced rearrangements in the sorghum-rice comparison were two chromosome insertions ("fusions") that reduced the chromosome number from 12 to 10: (i) ancestral chromosome 10 inserted into chromosome 3 to form sorghum chromosome 1 and (ii) ancestral chromosome 9 inserted into chromosome 7 to form sorghum chromosome 2 (SI Appendix, Fig. S1 ). These two insertions also can be seen in the rice-maize comparison. These events occurred either in the shared Andropogonae lineage before the divergence of maize and sorghum from a common ancestor or they were fissions that occurred in the Orzya lineage. Previous work based on genetic (17) and physical (11, 14) map comparisons identified these same relationships between rice and sorghum chromosomes. Consistent with the Devos and Gale (17) genetic maps with a low density of shared markers, our high resolution analysis based on genome sequences indicates that event (ii) is a chromosome insertion of ancestral chromosome 9 into 7, while disagreeing with two more recent studies (11, 14) that reconstructed sorghum chromosome 2 by end-to-end fusion of ancestral chromosomes 9 and 7 (see SI Appendix for details). Aside from these two events, our results indicate that most of the differences between maize and rice and between maize and sorghum are rearrangements that occurred specifically in the Zea lineage, a conclusion that is consistent with previous work based on genetic and physical maps (11, 14, 17) .
In this report, we name the 20 sorghum-like maize progenitor chromosomes as 1A, 1B, 2A, and 2B, for example, following the numbering system initiated by Schnable and coworkers (18) . This numbering system grouped the 20 progenitor chromosomes into two groups (maize1 and maize2) according to gene loss bias in the two sets of chromosomes: the 10 chromosomes with more retained genes were assigned to maize1, the other 10 to maize2 (18) . In our numbering scheme, "A" corresponds to maize1 and "B" to maize2. The chromosome numbers in our studies are assigned according to the current sorghum chromosome number designations.
Highly detailed comparative maps, based on whole-gene sets of sorghum and maize (SI Appendix, Fig. S3 ), provide a rich source of information about the relationships of chromosomes in these two species. The lines within columns of the sorghum-maize comparative map indicate the conserved synteny in the genomes and permit identification of the basic nature of the rearrangements that created the current maize chromosomes from sorghum-like chromosomal ancestors. For example, panel m3-3A (see SI Appendix, Fig. S3 for details of the naming scheme) and m3-8B depict gene synteny blocks, but all other images in column 3 only contain scattered dots caused by paralogous homologies and/or segmental movement of one or a few genes during genome evolution (SI Appendix, Fig. S3 ). The counterparts of sorghum chromosome 3 were located at 0-68.6 Mb and 140-227. 4 Mb on current maize chromosome 3, whereas sorghum chromosome 8 homology was found at 95.7-140 Mb and 227.7-230.6 Mb (Fig.  1A) on the current maize chromosome 3. Hence, maize chromosome 3 apparently originated by the insertion of ancestral chromosome 8B into ancestral chromosome 3A, followed by an inversion from 140.6 Mb to 227.4 Mb (Fig. 1B) .
Besides whole-chromosome insertion, interchromosome reciprocal translocation and apparent end-to-end chromosome fusion were also demonstrated by the detailed comparative map. McClintock discovered long ago that regular chromosomes do not usually fuse, because of the properties of telomeres, but low frequencies of telomere fusion with broken chromosome ends have been observed (19) . Alternatively, some of these apparent reciprocal translocations may have been caused by ectopic recombination, where the lost terminal (and thus acentric) portions were below the level of detection in this analysis. Devos and Gale (17) demonstrated that maize chromosome 5 contains synteny blocks that are homologous and largely colinear with rice chromosomes 2, 10, 3, and 6. Their analysis also indicated that maize chromosome 9 largely consists of one arm representative of rice chromosome 6 and another arm homologous to rice chromosome 3. As shown in SI Appendix, Figs. S1 and S3, these relationships are given the following designations with our naming system: Maize chromosome 5 consists of ancestral chromosomes 4A, 1B, and 10A, whereas maize chromosome 9 is formed by ancestral chromosomes 1B and 10A. Hence, these differences are rearrangements that occurred in the Zea lineage after its divergence from the Sorghum lineage, as confirmed by the current absence of these rearrangements (and, thus, excellent full-length synteny) between the rice and sorghum chromosomes. The synteny patterns in panels m5-1B, m9-1B, m5-10A, and m9-10A confirm these origins and also indicate the evolutionary events that led to these current maize chromosomes. This study indicates that an apparent reciprocal translocation event occurred between ancestral chromosomes 1B and 10A (SI Appendix, Fig. S4A ). One of the products was the progenitor of current maize chromosome 9, whereas the other fused with ancestral chromosome 4A to become the progenitor of maize chromosome 5 ( Fig. 2A) . From this analysis, it is not possible to determine whether the fusion occurred before or after the translocation.
The above examples indicate three rearrangements that reduced four ancestral chromosomes to two current maize chromosomes. In the full analysis, 12 rearrangement events were identified that led to the 10 chromosomes that occupy a maize haploid nucleus from two sets of 10 sorghum-like chromosomes. These rearrangements consisted of two interchromosome reciprocal translocations, five whole-chromosome insertions, and five apparent end-to-end chromosome fusions (Fig. 2 , Table 1 , and SI Appendix, Fig. S5 ).
These comparative maps provide a framework to infer the events responsible for chromosome number evolution. However, they gave little information about precise rearrangements sites, because these mostly appear to have occurred in gene-poor regions, specifically centromeric/pericentromeric DNA. As can be seen from SI Appendix, Fig. S3 , for instance, synteny gaps of 10-30 Mb were found in comparisons involving all maize centromeres/ pericentromeres and in some other regions. In some cases, it was possible to identify the ancestral source of a current centromere according to the centromere location in a current sorghum chromosome, but not in all cases. Taking maize chromosome 3 as an example, the synteny gap at 68.6-95.7 Mb (region P1 in Fig. 1A ) covered current maize centromere 3. This centromere-containing gap might come from a centromere/pericentromere of ancestral chromosome 3A or ancestral chromosome 8B or both. Even for those regions where comparative maps provided a strong indication of centromere origin, more direct evidence is still desirable to help substantiate any proposed model.
CSCPs. One of the most interesting characteristics of plant pericentromeric regions is the presence of a few low-copy-number sequences, including functional genes (20, 21) . Many of these genes are conserved across species, in both sequence and colinear order. These centromeric/pericentromeric conserved sequences were termed CSCP pairs when found in the centromeric/pericentromeric regions of both maize and sorghum. Because they are found flanking a given centromere/pericentromere, they provide a relatively precise centromere location. A total of 3,144 pairs of CSCPs were identified, covering approximately 832 kb and 820 kb in the sorghum and maize genomes, respectively (SI Appendix, Table S1 ). CSCP pairs were found to be dispersed across a broad range of centromeric/pericentromeric domains. The lengths of these sequences in the two genomes exhibited highly similar unimodal distributions, with a mean of approximately 250 bp Fig. S6) . By comparing the coordinates of CSCPs with available annotation data, it was found that CSCPs are mainly genic sequences and unannotated sequences (Table 2) . Hence, this analysis suggests that these unannotated sequences, given their conservation, are functional (perhaps as RNA genes or genes that encode very small peptides). This observation is consistent with previous results showing that coding regions of grass genomes exhibit strong conservation for tens of millions of years, whereas intergenic regions rapidly decay and are deleted within just a few million years (22) . Because each centromere/pericentromere has numerous distinctive CSCPs, these sequences allow the relatively precise characterization of the relationships between the centromeres/pericentromeres in the maize and sorghum genomes.
CSCPs Reveal Loss and Retention of Ancient Centromeres. The distribution of CSCPs was investigated relative to maize and sorghum centromeric/pericentromeric regions (SI Appendix, Fig. S7 ). These analyses indicated the exact correspondence between centromeres/pericentromeres (SI Appendix, Fig. S8 ), thereby indicating 10 ancestral centromeres that were lost during the descent of maize from its tetraploid ancestor. Fig. 3 depicts an example of CSCP analysis. Using CSCPs in the centromere/ pericentromere of sorghum chromosome 2 as query, most related CSCPs in maize were found on chromosomes 2 and 7 (Fig. 3A) . According to the comparative maps (SI Appendix, Fig. S3 ), maize chromosome 7 evolved directly from ancestral chromosome 2A. The CSCP distribution peak (Fig. 3B ) in current maize chromosome 7 was located at 49.7-66 Mb, thereby completely overlapping the centromere/pericentromere. This pattern provides direct evidence that the centromere/pericentromere of maize chromosome 7 and that of sorghum chromosome 2 are orthologous.
Maize chromosome 2 originated by the insertion of ancestral chromosome 2B into ancestral chromosome 5B and the fusion of ancestral chromosome 6A with this recombinant (Fig. 3C) . The synteny gap covering sorghum cen2 suggests that the centromere/ pericentromere of ancestral chromosome 2B was located here, whereas the gene synteny pattern at 150-170 Mb indicated extensive intrachromosome rearrangement. The CSCPs distributed in this chromosome as three peaks spanned the region 151-169 Mb, and the peaks just inside the synteny gaps result from additional rearrangements (Fig. 3C) . In short, the evidence from the comparative map and from CSCPs were consistent, and both supported the model that the ancient cen2B was lost in association with numerous intrachromosomal rearrangements.
Checking the positions of all CSCP peaks, it was found that (i) the location of all current and ancient centromeres/pericentromeres could be traced by CSCP analysis and (ii) most CSCP peaks corresponded to current and/or ancient centromeres/pericentromeres (SI Appendix, Figs. S7 and S8). Two peaks that were not located in ancient or current centromeres/pericentromeres and some dispersed CSCPs might be artifacts caused by genome sequence assembly errors or may be remnants of more ancient and/or smaller rearrangements that were not analyzed in this study (SI Appendix, Fig. S8) . Overall, the corresponding relationships of centromeres/pericentromeres in the maize and sorghum genomes revealed that six of the lost centromeres came from ancestral chromosomes 1B, 2B, 3A, 6B, 7B, and 8A, whereas the other four were lost from ancestral chromosomes 5A, 5B, 9A, and 9B (Table 1 and Fig. 2 ). These data indicate that both centromeres from the ancestral chromosome pairs 4 and 10 are retained, on the current chromosomes 5 (4A), 4 (4B), 9 (10A), and 6 (10B) of maize. Hence, although maize1 and maize2 homeologues exhibited very different biases in gene loss ("fractionation") leading to a genome that is now much closer to a diploid in gene content (18) , there is no obvious relationship between the chromatids that experienced preferential gene loss and the chromatids that lost or retained their centromeres as functional in the current maize genome. The first molecular-level study of centromere movement in plants was conducted on the sequenced rice cen8 (4). The comparison of centromeric/pericentromeric domains on the orthologous chromosome 8s of two Oryza species that last shared a common ancestor approximately 8 Mya revealed that cen8 of Oryza sativa was physically shifted by a recent inversion within the centromere/pericentromere. Our study of maize chromosomes has found that intrachromosomal inversions caused long-distance movement of centromeres in at least five chromosomes, with "long-distance" defined as rearrangements that extend outside the centromere/pericentromere to include adjacent synteny blocks.
Maize cen3 was found inside the synteny gap expending from 68.6 Mb to 95.7 Mb and another large sorghum-specific gap covers the centromere/pericentromere of chromosome 8 (P1 in Fig. 1A) . The simplest explanation based on the comparative map is that maize cen3 originated from the ancestral cen3A and the centromeric/pericentromeric region of ancestral chromosome 8B was deleted. However, sequences in position P1 originated from two centromeres/pericentromeres: those at 68.6-81.3 Mb are from the centromeric/pericentromeric regions of ancient chromosome 3A and those at 82.2 Mb to 96 Mb are from the centromere/ pericentromere of ancient chromosome 8B, where current maize cen3 resides. These patterns suggest that two inversions, one paracentric and one pericentric, within chromosome 8B moved the ancestral chromosome 8B centromere/pericentromere (Fig. 1C) from position P2 to position P1 in Fig. 1A . Hence, this result indicates that ancestral cen3A was functionally lost on the current maize chromosome 3, although the CSCPs flanking this now-inactive centromere are still present (Fig. 1A) .
As described above, maize chromosome 9 originated from a reciprocal translocation of ancestral chromosomes 1B and 10A, and the other translocation product became current maize chromosome 5 (SI Appendix, Fig. S4A ). One inversion encompasses the two synteny gaps indicated by position P1 and P2 in SI Appendix, Fig. S4B , and maize cen9 is found within P2. Extrapolating from the observed gene synteny indicated that gap P1 corresponds to the centromere/pericentromere of ancestral chromosome 10A, so an inversion is predicted to be responsible for the movement of the centromere/pericentromere from P1 to P2. Furthermore, CSCPs related to the centromere/pericentromere of sorghum chromosome 10 were found to exhibit two peaks in the two gaps. These observations indicate that the centromere/ pericentromere of ancestral chromosome 10A was part of an inversion (SI Appendix, Fig. S4B ) and now provides the centromere for modern maize chromosome 9. Repetitive DNA distribution further supported that this ancestral centromere/pericentromere region was involved in the inversion: Consistent with CSCPs, two peaks of CRMs with similar patterns of CRM insertion dates and family abundance were found at P1 and P2 (SI Appendix, Fig. S4B) .
Although repetitive DNA analysis was occasionally useful to provide additional evidence that confirmed the positions of ancient and currently inactive centromere/pericentromeres, given the hyperinstability associated with unequal recombination inside centromeric core regions that has been demonstrated in rice (5), it is not surprising that the nonrepetitive and possibly functionally conserved CSCPs provide a much better indication of the locations of ancient centromeres. As shown in SI Appendix, Fig. S4C , CSCP distribution and the gene synteny pattern related to gaps P1, P2, and P3 indicate that maize cen5 moved from P3 to P1 (reconstruction of this movement is shown in SI Appendix, Fig.  S9C ), but CentC/CRMs do not show peaks at regions other than the current cen5. In the centromeres/pericentromeres related to the 10 lost centromeres/pericentromeres, only 1 (cen8A corresponding to 11-13Mb of chromosome 10) was found to contain relatively abundant CentC and/or CRMs (SI Appendix, Fig. S8J ).
The sorghum centromeric satellite pCEN38 had no match in the maize genome by using a BLASTN search at E value of 10
, consistent with previous results that this satellite is missing from maize (23) . Compared with satellites, CR elements are more conserved in grasses (6, 24) . However, similar to CRMs, the sorghum CR elements showed no peaks in the majority of ancient centromeres/pericentromeres in maize. Given the removal of unused maize DNA at a half-life of less than 1 My (25, 26), then it seems likely that this centromere loss occurred several million years ago. Similarly, the residual CRMs at 51-54 Mb on chromosome 9 (P1 in SI Appendix, Fig. S4B ) indicate that the movement of 10A also happened relatively recently.
The above suggestions that the loss of cen8A and the movement of 10A are recent events are based on the concurrence of centromeric repeats with CSCPs. We note that this estimation depends on the quality of assembly. The occurrence of these centromeric repeats at loci other than current functional centromeres can also be explained by assembly errors. Some of such peaks (54-58 Mb on chromosome 4, 96 Mb and 166 Mb on chromosome 8, and 34-36 Mb on chromosome 10 on chromosome 4) were obvious artificial peaks because these peaks disappeared when mapping CentC/ CRMs to the new maize assembly, release 5b.60 (SI Appendix, Fig. S10 ). Regarding the peaks at 22-26 Mb on chromosome 7 and 78-80 Mb on chromosome 6, although both are at the same location in the original and subsequent assemblies, previous genetic mapping suggests that their locations are artifactual outcomes of genome misassembly (ref. 27 and personal communication with Gernot Presting).
Along with the centromere rearrangements on chromosomes 3, 5 and 9, long-distance movements of current centromeres on chromosomes 4 and 6 were also detected (SI Appendix, Fig. S9 ). All of the centromere/pericentromere movements could be simply explained by intrachromosomal pericentric or paracentric inversions.
Maize Chromosome Structure Evolution. Integrating information from comparative maps, CSCPs, and centromeric repetitive DNA, the major events in maize chromosome evolution over the last 10 My were delineated parsimoniously and are described in Table 1 and Fig. 2 . All 10 sorghum chromosomes were found to have two counterparts in the maize genome, including four ancestral sorghum-like chromosomes that differed from those in maize by two reciprocal translocations (Fig. 2 A and F) . The comparative maps strongly confirm that the modern maize genome has descended from a recent tetraploid ancestor.
Both comparative genetic mapping (17) and segmental chromosome sequence comparison (9) have indicated that the current maize genome arose from a tetraploid whose two ancestral genomes diverged from each other approximately 12 Mya. Physical map studies assumed that the two progenitors had the same number of chromosomes (2n = 20) (11, 14) , without strong evidence to support this assumption. At the whole-genome sequence level, our analysis indicates that the reduction of chromosome number from 12 to 10, when comparing rice to sorghum, occurred before the divergence of maize and sorghum lineages, suggesting that an ancestral chromosome number of n = 10 for each Zea genome parent is a reasonable assumption. Furthermore, by showing how the two sets of chromosomes evolved through rearrangements to form the nuclear genome of modern maize, our data strongly support this 10-chromosomeprogenitor model.
The known mechanisms underlying chromosome structural evolution consist of translocation, inversion, segmental duplication/insertion/excision, and fusion/fission. Given that intact chromosome ends are usually recalcitrant to any sort of merging with other DNA sequences, it is possible that most or all fusions are actually reciprocal translocations and that nonreciprocal translocations rarely if ever occur. To date, almost all descriptions of whole-chromosome insertions in the grass family are proposed to have occurred into centromeric/pericentromeric domains (1, 2, 13). Luo et al. (1) suggested that such insertions are the dominant mechanism of chromosome number reduction in grasses, providing an obvious mechanism for the loss of one centromere function due to its interruption by a whole chromosome insertion. The results in this study indicate at least one whole chromosome insertion that is near but not inside a centromere/pericentromere (SI Appendix, Fig.  S11 ). These results, like those for apparent terminal chromosome fusions, require an explanation for loss of centromere function that does not involve insertional inactivation. In this same vein, Lysak et al. (28) suggested that multiple mechanisms may play roles in chromosome number evolution of Brassicaceae species, based on their comparative chromosome painting data.
Fusion, translocation, and insertion of ancestral chromosomes will often lead to abnormal chromosomes having two or more centromeres. However, more than one centromere in one chromosome usually causes chromosome breakage because different centromeres may be pulled toward different poles in telophase of mitosis and meiosis (29) . However, such chromosomes should be stable if only one centromere remains active (30) , or if the centromeres in the dicentric chromosome are physically close and coordinate their movement to one or the other pole (31) . Inactivation of redundant centromeres have been found in maize and other grasses (30, 32, 33) , and although the details underlying the inactivation are not clear yet, several recent studies have suggested that plant centromere function is an epigenetic process (30, (32) (33) (34) . The molecular details of such an epigenetic loss, and whether it involves dominance of one centromere over another (as seen for instance with nucleoli in some nascent polyploids; ref. 35) , remain unknown. Future experiments should allow characterization of the nature, rate, and direction of local genome change in the current residual centromeres that we have detected in the maize genome and those found by similar studies in other eukaryotic species.
Materials and Methods
Genome Sequences. The genomic sequence and annotation data for Z. mays (release 4a.53) and S. bicolar (version 1.4) were downloaded from MaizeSequence (www.maizesequence.org/index.html) and DOE-JGI (www.jgi.doe. gov), respectively. The estimated positions of maize centromeres were directly extracted from Wolfgruber et al. (27) . Based on the length information of centromere gaps provided by table S4 of Paterson et al. (16) , the position of sorghum centromere gaps were detected in the corresponding pseudochromosomes, i.e., cen1: 33.8Mb-38.6Mb; cen2: 34.5Mb- Identification of Orthologous Synteny Blocks and Ks Analysis. Ks values were calculated for each pair of homologous gene pairs to help discriminate orthologous and paralogous synteny blocks. When a genomic block of maize matched more than one region in sorghum, the sorghum region that had the smallest average Ks value to the block was taken as its presumed orthologous region. Ks values of homologous genes were calculated by the yn00 program of the PAML package (36) according to the Nei-Gojobori method (37) .
Detection of CSCP Positions in Sorghum and Maize. We used the 10 centromeric/pericentromeric regions of sorghum as query to BLASTN against the maize genome at an E value of 10 −5 and high-scoring segment pairs (HSPs)
were extracted. Each HSP is composed of two members-one from sorghum; the other from maize. We then obtained CSCP pairs by selecting only one-toone matches. A CSCP pair was only designated as such when the member from sorghum came from a centromeric/pericentromeric region and the member from maize was present only as a single hit.
Mining Centromere-Specific Repetitive DNAs. Centromeric repetitive DNAs were found by two methods. First, all of the CentC units in the assembled maize genome were found by BLASTN, using the CentC set provided in ref.
15 as query. To find all CRMs, LTR_FINDER (38) and LTR_STRUC (39) were implemented to obtain all intact LTR elements in maize centromeric/pericentromeric regions, then these elements were compared with known CRM records provided in ref. 24 to find all intact CRMs. Subsequently, representative sequences of CentCs and CRMs were constructed according to ref. 40 . Second, all centromeric repetitive DNAs were found by RepeatMasker (www.repeatmasker. org) using previously identified CentC (15) and CRM (24) sequences. These two approaches yielded identical results.
